In brachial plexus avulsion, a recent technique connects the ending of the disrupted musculocutaneous nerve to the side of the intact phrenic nerve to regain elbow flexion. This requires the phrenic nerve to perform a new double function: independent control of breathing and elbow flexion. Neuroplastic changes associated with acquisition of double nerve functions have not yet been investigated.
Conclusion:
Our functional magnetic resonance imaging data indicate that the patient's cortical diaphragm areas reorganize in such a way that independent control of breathing and elbow flexion is possible with the same neuronal population.
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O WING TO TOTAL PARESIS of the affected arm, c o m p l e t e b r a c h i a l plexus lesions represent a seriously disabling neurological condition. In cases of root avulsion, reconstruction of nerve continuity is impossible. To regain at least partial arm functions, nerve fiber transfers that connect axon donors from outside the brachial plexus with the affected plexus nerves are increasingly performed. However, the detailed neuroplastic changes associated with clinical recovery are yet unknown. 1 There are 2 major nerve transfer procedures for restoration of elbow flexion in cases of root avulsion. Nerve fibers from the contralateral healthy C7 root and nerve fibers from the ipsilateral healthy phrenic nerve can be used for reinnervation of the musculocutaneous nerve. 2, 3 This allows patients to regain elbow flexion of the paretic arm via contralateral C7 inputs or via the ipsilateral phrenic nerve. This technique, called end-to-end nerve repair, has 1 major disadvantage. There is a loss of function in the donor nerve targets: muscles originally innervated by the contralateral C7 root or the ipsilateral phrenic nerve are denervated.
An alternative approach is the nerve fiber transfer using end-to-side nerve repair, 4 where the ending of the disrupted nerve is attached to the side of an intact nerve via an epineurial window. Recently, a modified end-to-side procedure has been suggested where a small motor branch is used to restore motor function. 5 The major advantage of end-toside nerve repair is preservation of donor nerve function. In brachial plexus avulsion, the ending of the disrupted musculocutaneous nerve can be attached to the side of the intact phrenic nerve, thereby preserving diaphragm innervation. Such patients represent an interesting new model for neuroplasticity: the same phrenic nerve is required to control breathing and elbow flexion independently. Although neuroplastic changes with brachial plexus injury have already been reported, 6 ,7 the neuroplastic changes associated with acquisition of an additional nerve function are unknown. We hypothesized that cortical phrenic nerve (dia-phragm) representations reorganize in such a pattern that independent control of breathing and elbow flexion is possible with the same neuronal population. 8 Herein, we present comprehensive functional magnetic resonance imaging (fMRI) studies of 2 patients with phrenic nerve end-to-side coaptation, 1 control patient with C7 endto-end coaptation, and 3 healthy control subjects to test this hypothesis.
METHODS

PATIENTS
The control patient was a right-handed boy aged 6 years at the time of a traumatic left complete brachial plexus lesion. He had end-to-end coaptation of (1) contralateral root C7 to (2) the musculocutaneous nerve 5 months after trauma. Left elbow flexion was possible against light resistance at the time of fMRI (6.5 years after surgery).
Patient 1 was a right-handed woman aged 29 years at the time of a traumatic right complete brachial plexus lesion. She had end-to-side coaptation of (1) the ipsilateral phrenic nerve to (2) the musculocutaneous nerve 5 months after trauma. Right elbow flexion was possible against medium resistance at the time of fMRI (2.5 years after surgery).
Patient 2 was a right-handed man aged 43 years at the time of a traumatic left complete brachial plexus lesion. He had end-toside coaptation of (1) the ipsilateral phrenic nerve to (2) the musculocutaneous nerve 5 months after trauma. Left elbow flexion was possible against medium resistance at the time of fMRI (7 years after surgery). A general case description including preliminary data analysis is included in the article by Beisteiner et al. 8 In both patients with end-to-side nerve repair, the nerve fiber transfer from the phrenic nerve to the musculocutaneous nerve was done using 2 sural nerve grafts coapted end to side to the phrenic nerve and end to end to the musculocutaneous nerve. Every patient provided fully informed consent with a protocol approved by the local ethics committee.
HEALTHY CONTROL SUBJECTS
To be able to compare fMRI findings of the patients' reorganized nervous systems with unchanged nervous systems, fMRI recordings were also performed in 3 male healthy control subjects aged 42, 27, and 22 years without any history of nervous system disease.
CLINICAL DOCUMENTATION
In the control patient with C7 end-to-end coaptation, chest radiography documented a normal bilateral diaphragm innervation with deep inspiration (Figure 1) . Electromyography of the affected biceps muscle demonstrated independence of muscle innervation and breathing ( Figure 2B) .
In patient 1 with phrenic nerve end-to-side coaptation, video recording showed a lack of biceps contractions with deep inspiration or coughing and no change of breathing patterns with elbow flexion. Chest radiography documented bilateral diaphragm innervation with deep inspiration and no elevated diaphragm ( Figure 1) . Electromyography of the affected biceps muscle demonstrated independence of muscle innervation and breathing.
In patient 2 with phrenic nerve end-to-side coaptation, video recording and fluoroscopy of the thorax showed a lack of biceps contractions with deep inspiration or coughing and a lack of diaphragm innervation with elbow flexion. Chest radiography documented an elevated but innervated diaphragm on the affected side (Figure 1) . Electromyography of the affected biceps muscle demonstrated independence of muscle innervation and breathing (Figure 2A ). During forced inspiration and coughing, spikes of motor activation appeared in very few parts of the electromyographic recordings.
FUNCTIONAL MRI
Investigations included 4 tasks: (1) elbow flexion of the diseased arm; (2) elbow flexion of the healthy arm; (3) forced abdominal inspiration; and (4) foot flexion on the side of the diseased arm.
Patient 1 with phrenic nerve end-to-side coaptation performed tasks 1 through 4, patient 2 with phrenic nerve endto-side coaptation and the healthy control subjects performed tasks 1 and 2, and the control patient with C7 end-to-end coaptation performed tasks 1 through 3. Repetitive investigations were performed with 3-T MRI and 7-T MRI (blood oxygen level-dependent gradient echo-echo planar imaging; 34 slices; 128ϫ128 matrix; 230ϫ230ϫ3-mm field of view; generalized autocalibrating partially parallel acquisition factor 2; and repetition time 2500 milliseconds; for 3-T MRI: echo time 35 milliseconds, bandwidth 2220 Hz; for 7-T MRI: echo time 22 milliseconds, bandwidth 1396 Hz). Between 5 and 10 identical runs (blocked design; 4 rest and 3 activation phases; 20 .
RESULTS
Clinical documentation showed that both patients with phrenic nerve end-to-side coaptation were able to control the diaphragm and the biceps independently via the same phrenic nerve: breathing did not change with arm movements (documented by video recording), the affected biceps muscle was not activated with normal breathing (no regular biceps electromyographic activity), and both sides of the diaphragm were innervated during breathing and did not move with elbow flexion (chest radiography, fluoroscopy of the thorax). The fMRI studies showed bilateral superior activations of the primary motor cortex with forced inspiration (Figure 3) . In addition, lateralized midline activations were found in deeper slices. 8 These activations correspond to earlier descriptions of diaphragm representations and normal breathing networks. 10, 11 In contrast to the control patient with C7 end-to-end coaptation, both patients with phrenic nerve end-to-side coaptation activated the diaphragm areas with flexion of the diseased arm. Flexion of the healthy arm and foot did not activate diaphragm areas. Figure 3 shows the significant activation of diaphragm areas with diseased arm flexion in comparison with healthy arm flexion. In addition, the primary arm areas were also activated (lateral from diaphragm areas). All patient findings could be replicated intraindividually and interindividually when repeating experiments on different days and at different magnetic field strengths (3 T, 7 T). Elbow flexion in the healthy control subjects only showed arm areas active-no activity was found in diaphragm areas even when lowering the threshold.
COMMENT
As demonstrated by the clinical investigations, the 2 patients with phrenic nerve end-to-side coaptation were able to move their diseased arm independently from their diaphragm via the same phrenic nerve. With respect to these tasks, they were clinically not distinguishable from the control patient with C7 end-to-end coaptation. However, distinction was possible with the fMRI data, which showed activation of diaphragm areas with breathing as well as diseased arm flexion in the patients with phrenic nerve end-to-side coaptation. As expected, there was no diaphragm area activation in the healthy control sub- jects performing identical elbow flexions. The fMRI results indicate that the human brain can adapt to peripheral nervous system changes with a hitherto unknown type of cortical neuroplasticity: the diaphragm areas reorganize such that independent control of breathing and elbow flexion is now possible with the same neuronal population. We conclude that specific cortical neuroplasticity provides the neurophysiological basis for rehabilitation after peripheral end-to-side repair. Data from fMRI indicate effectiveness of this surgical procedure. Neurological practice should consider this option for therapeutic handling of complete plexus lesions. Only primary motor cortex activations are depicted, and colors indicate t value distributions within depicted activation clusters (relative scaling according to local maxima and minima). All images are thresholded at P Ͻ .001 uncorrected. Representative slices are shown for the 3 healthy control subjects, the control patient with C7 end-to-end coaptation, and the 2 patients with phrenic nerve end-to-side coaptation. The columns labeled "right arm vs left arm" show significant activation differences of right Ͼ left arm (red) and left Ͼ right arm (blue). In the patients with phrenic nerve end-to-side coaptation, the diaphragm area is activated only with flexion of the injured arm, not with flexion of the healthy arm. In all controls, arm flexions did not activate the diaphragm area. Forced abdominal inspiration selectively activated the diaphragm area in all subjects (rightmost column, blue activation clusters).
